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Initial analyses involving pure vertical loading are used to identify the vertical bearing 161 capacity, Vult, of each foundation. Ultimate limit states for combined loading are then 162 identified by conducting radial probes in M/B:H space at constant V. These probes are 163 defined by an angle θ (see Figure 6 ) and are applied at 5º intervals from 0º to 180º. The soil and the foundations are all modeled as weightless materials, thus ensuring that 170 geostatic equilibrium is automatically satisfied at the start of each analysis. When 171 applying these results in practice, the total weight of the foundation (minus the total 172 weight of displaced soil) should be included as part of the applied vertical force, V. 173
Finite element limit analysis 174
All analyses were performed using OxLim, a finite element limit analysis (FELA) 175 program developed at Oxford University. FELA differs from conventional finite 176 element analysis in that it implements the classical bound theorems of limit analysis, 177 rather than computing an approximate plastic collapse load that is approached 178 incrementally. With FELA it is usual to compute both lower bound and upper bound 179 plasticity solutions for a given problem, thus bracketing the range in which the exacthistorical development can be found in the papers by Makrodimopoulos & Martin 182 (2006, 2007) which deal with lower bound FELA and upper bound FELA respectively. 183
Both of these papers contain extensive reviews of the relevant literature, with an 184 emphasis on applications of FELA to geotechnical problems. 185
OxLim implements various calculation methods that are described in detail by 186
Makrodimopoulos and Martin (2006, 2007, 2008) upper bound analyses is achieved by constraining the volumetric strain to be zero 204 throughout the soil, and the normal displacement jump to be zero on all interfaces. 205
In the present OxLim analyses the solid and skirted foundations were 'wished in place ', 206 with no attempt to account for the surface heave that would occur during continuous 207 penetration from the surface. The extent of the modeled soil domain (width × depth) 208 was 4B × 2B for all the analyses except for pure vertical loading (6B × 2B), which was 209 comfortably sufficient to contain the plastically deforming region for all embedment 210 ratios and load combinations. The initial mesh sizing was an iterative process where the 211 domain was defined, the analysis run and the domain was extended and the analysis re-212 run if the mechanism was impacted by the boundaries of the domain. The target element 213 size (triangle side length) for generation of the initial mesh was 0.5B for the vertical 214 loading cases and 0.3B for all other analyses, which is 0.1 times the average bounding 215 box dimension. In each OxLim analysis, several cycles of automated adaptive mesh 216 refinement (typically two or three) were performed until the lower and upper bound 217 solutions bracketed the exact collapse load to within ±1%, i.e., until the percentage 218 bracketing error, defined as (UB -LB) / (UB + LB) × 100, was smaller than 1%. 219
Although this level of bracketing can readily be achieved for undrained bearing capacity 220 problems, it is not worthwhile seeking even better precision because in practice the 221 uncertainty associated with selection of the design shear strength profile is inevitably 222 much greater. skirted foundations are essentially rough-based due to the soil-on-soil interface at skirt 295 tip level, a Prandtl-type mechanism would be expected to govern vertical bearing 296 capacity failure in a soil having uniform strength with depth, while a Hill-type 297 mechanism would be expected in a deposit having a highly heterogeneous strength 298 profile -as was observed in the FELA analyses undertaken for this study. 
the optimal solid foundation capacity is achieved for all directions of loading in H-M 336 space, even if no internal skirts are provided. 337 Figure 15 and 16 show that when the soil strength is proportional to depth (kB/sum = ∞), 338 more internal skirts are required, particularly when the skirt embedment ratio is low, as 339 in Figure 15 . This would be expected since with this type of strength profile, there is a 340 strong tendency for the failure mechanism to propagate into the softer, near-surface soil. 341
In fact, Figure 15 shows that six or more internal skirts are required to ensure soil plug 342 rigidity for a foundation with d/B = 0.1 in soil with strength proportional to depth -343 twice as many as are required with the same embedment ratio in a deposit with uniform 344 strength (cf. Figure 13 ). When the skirts are longer, Figure 16 (for d/B = 0.5) shows that 345 failure to provide any internal skirts leads to a significant loss of capacity with respect 346 to the optimum. However, there is little benefit in providing more than one internal 347 skirt, since this is sufficient to achieve maximum capacity for nearly all loading 348 directions in H-M space, at all levels of vertical load. 349
It is noteworthy that optimal foundation capacity of a skirted foundation may fall short 350 of the capacity of a rough-based solid foundation with the same embedment ratio, 351 particularly for shallow embedment in soil with a high degree of strength heterogeneity. 352
That is, addition of further skirts does not lead to an incremental increase in capacity 353 and the maximum capacity obtained is less than that for an equivalent rough-based solid 354 foundation. In the case of zero mudline strength (kB/sum = ∞) the failure mechanism at 355 skirt tip level may be affected by the potential zero-strength failure plane on the 356 underside of the foundation base plate; a smooth foundation-soil interface would havefoundation gave inferior V-H-M capacity, compared with a smooth-sided rough-based 359 solid foundation of equal embedment ratio, when d/B = 0.05, i.e. convergence of the 360 failure envelopes of the skirted foundations with n and n + 1 internal skirts occurred at a 361 lower ultimate limit state than that achieved by the solid foundation (Figure 17) . 362
However, when the embedment ratio exceeds a critical value (0.05 < d/B ≤ 0.1 in this 363 study) the effect of soil-on-soil shearing at skirt tip level becomes sufficiently remote 364 from the zero-strength underside of the foundation base plate, and equal bearing 365 capacity can be mobilized by a smooth skirted foundation and a smooth-sided rough-366 based solid foundation. In the limit of an infinite number of smooth-sided, smooth-367 tipped internal skirts being provided, the capacity of a skirted foundation would tend 368 towards that of a smooth-based solid foundation. In practice, with normalized skirt 369 thicknesses rarely exceeding t/B = 0.01, the ratio of total skirt tip area to overall 370 foundation area would typically be less than 5%. 371
Failure envelopes for combined loading, such as those in Figure 13 with that of the solid foundation, at every vertical load level. The number of internal 397 skirts required for 'practical' convergence of the failure envelopes, rather than strict 398 coincidence of the failure envelopes, was determined with a certain amount of 399 engineering discretion. For example (as mentioned earlier) considering the results in 400 Figure 13 , strictly five internal skirts are required to achieve coincidence of the failure 401 envelope of the skirted foundation with that of the solid foundation, although negligibleimprovement in capacity is achieved with more than two skirts. In this case, the critical 403 number of internal skirts is taken as two. 404
The solid lines in Figure 22 skirts, and a diminishing effect on bearing capacity of the development of an internal 419 mechanism, is clearly to be expected with increasing embedment ratio. However, there 420 is no evidence here to suggest that increasing the embedment ratio will eventually 421 guarantee soil plug rigidity without the provision of internal skirts. Indeed, it has been 422 noted elsewhere that failure mechanisms for suction caissons, with typical length tobase of the soil plug if the center of rotation is located beneath the toe of the caisson 425 (Randolph and House 2002) . 426
Practical considerations 448
The curves presented in Figure 23 
